Methods for the analysis of water status and transport in the soil-plant-atmosphere continuum are briefly enumerated, with some personal comments on their reliability when used on plants growing in the field. These methods have provided us with a coherent system of data essentially free from major contradictions to the cohesion theory of water transport. It is shown that recent attempts at replacing the xylem tensions postulated by this theory with hypothetical osmotic transport mechanisms in order to accommodate data from the xylem pressure probe are not consistent with the bulk of results and furthermore are implausible in view of the energetic expenditure required.
Introduction
Recent papers (Zimmermann et cil., 1993a (Zimmermann et cil., , b, 1994 Benkert et ai, 1995) raise severe doubts about the soundness of experimental procedures and extant theory concerning water relations in the soil-plant-atmosphere continuum. This is perhaps reason enough to give a short overview of this field from a traditional standpoint. Firstly, the techniques used for investigating water status and water transport in plants grown in the field are presented, with sometimes a personal opinion on their usefulness. (This does not mean that the discussion can be limited to methods employed outdoors. A combination of measurements in the field and in the laboratory is usually necessary to obtain balanced information.) Then a few arguments which have convinced me that the cohesion theory is still the only available framework for a consistent explanation of the bulk of experimental results shall be discussed.
Methods for the analysis of water relations in the field
Both in theory and in the practice of field work, the water relations of plants have a centre-piece, total water potential i/i t . Total water potential is a measure of the energy status of water in the soil-plant-atmosphere continuum. The concept originated nearly 40 years ago (Slatyer and Taylor, 1960) from the need to find a thermodynamically correct basis for the description of water transport from the soil via roots and stem towards the transpiring leaves and into the atmosphere. Pressure units (MPa or bar) are used for quantifying total water potential and its components.
How is total water potential measured? It is probably valid under all circumstances, but particularly so in the field, that the pressure chamber (Scholander et al., 1965) is the instrument of first choice; an estimate of the most recent papers on field work suggests that more than 90% use it. Measurements are destructive, but with some experimental skill one can often reduce the consumption of plant material to a level permitting repeated measurements even on small plants. An important step in this direction is the use of single leaves instead of whole shoots wherever possible. This has several advantages:
(1) the water relations of a measured plant, especially a small one, will be less disturbed when only a small part of the total transpiring surface is removed;
(2) a higher ratio of living cells to dead xylem elements will reduce the possible error due to the refilling of cavitated xylem elements; (3) the potential differences in the xylem between the point of cutting and the most distant leaf veins will be smaller; this will improve the accuracy of the measurement, which should give the potential of the xylem at the cut.
A well-constructed pressure chamber with a rubber compression gland as a seal will accommodate most types of leaves (perhaps with the exception of small needleshaped ones, where too much of the tissue is covered by the seal). Short petioles may be 'elongated' by two cuts into the leaf blade, on both sides of the midrib, without alteration of the results. In order to obtain optimum results, standard procedures should be followed, which are well outlined in a recent manual (Boyer, 1995) . In a number of conifer species, resin extruded from the cut surface makes the correct endpoints difficult to determine. They may be detected by measuring the sudden increase in electrical conductivity of the liquid between needle electrodes when water is replacing the resin at the cut surface (Richter and Rottenburg, 1971) .
The second instrument used with good success, mostly in the laboratory but sometimes also in the field, is the thermocouple psychrometer (Spanner, 1951) . Most measurements are done destructively: a disc punched out of a leaf or a whole detached leaf is inserted into a suitable sample chamber, where the equilibrium vapour pressure is determined after some time with a Peltier-cooled thermocouple. Measurements are far more time-consuming than those with the pressure chamber, and not necessarily more accurate, old claims to the contrary notwithstanding. A number of careful comparisons designed to avoid possible sources of error (De Roo, 1969; Savage et ai, 1983; Kikuta et ai, 1985) have shown a close correspondence between the two instruments.
The L-51 leaf hygrometer by Wescor Inc. was originally (Neumann and Thurtell, 1972) meant as an instrument for the non-destructive measurement of water potentials in the field, since it can follow changes in total water potential for a prolonged period when attached to a leaf in situ. It soon turned out, however, that both the sensor and the HR 33 T microvoltmeter are very sensitive to wind and radiation. Only careful isolation (Savage and Cass, 1984) , or temperature compensation such as in the Dixon/Tyree stem hygrometers (Dixon and Tyree, 1984) , will permit use of in situ hygrometers in the field. However, they work well in the climatized chamber and are indeed superb instruments for the laboratory. Slavik (1974) gives a detailed description of a number of older methods which have since been abandoned for being too cumbersome or unreliable. The same fate has befallen the hydraulic leaf press (Campbell et al., 1979) , which did not compare favourably with the pressure chamber in a number of studies (Markhart and SmitSpinks, 1984) .
It was said in the beginning that </ », is the central parameter of plant water relations. This is because total water potential is the link between two equations describing different aspects of water relations in a steady-state situation; under non-equilibrium conditions, the picture will become far more complicated. These steady-state equations form a system of demands and responses (Richter, 1976) . Demands come from the soil-plantatmosphere continuuum and may be divided into three components, which have, like total water potential, a negative sign or are at most zero:
Here, </ < s is static substrate potential, t/> G gravitational potential and </i F frictional potential. This first equation deals with factors in the soil-plant-atmosphere continuum which reduce the energy of water below the value for distilled water at standard temperature and pressure, that is, below a water potential of 0 MPa. It is obvious that water somewhere in the pathway cannot have an energy content higher than static (non-moving) water in the substrate S, which thus sets the base value. Static soil water potential, <p s , will change comparatively slowly, but during a dry period and on shallow sites it may reach very negative values. For its measurement there are several methods, both direct and indirect ones. Tensiometers and thermocouple psychrometers offer a direct approach. The tensiometer principle works only at high soil water potentials and does not sense a decrease in total water potential due to salinity, thermocouple psychrometry is decidedly better under dry or saline conditions. So the two are more or less complementary. The measurement of 'pre-dawn' water potentials of a plant is an indirect approach. Here the plant itself is the sensor for the state of water in the soil. Equation (1) shows that a small and non-transpiring plant, where both 4> c and </ < F are negligible, will equilibrate with the water potential of the substrate. The data obtained have the advantage that they are determined at the point where ifi s matters most, that is, where the roots of the plant are. Furthermore, no additional instrumentation is needed. A disadvantage is that often it is not known whether the plant has indeed reached equilibrium with the soil. The stomata may not be completely closed, dry soil may have an hydraulic conductivity which is too low, the roots may not be active enough or (especially in northern summers) the night may have been too short for equilibration. The time span as well as the conditions for equilibrium are sometimes improved by enclosing the plant on the evening before the measurement in an opaque bag, together with a wet towel to moisten the atmosphere. This approach has limits, such as overheating of the bag and the size of the object; the whole plant has to be covered, not just one twig of a full-grown tree! There are only a few critical studies of the pre-dawn technique. Havranek (1980) has shown that the discrepancies between direct measurements of soil water potential and pre-dawn water potentials of spruce seedlings are more important in wet than in dry soils, where there is excellent agreement between -0.6 and -1.8 MPa. In other indirect approaches, field water contents of soils are assessed with a number of methods such as gravimetry or time domain reflectometry; soil water potentials are then derived from a calibration curve established in the laboratory. Here, the correct estimation of the soil horizon where the roots are located seems to pose some problems.
A further reduction in total water potential in the continuum is due to gravity: holding the water column above the absorption zone of the roots will require 0.01 MPa (or a tenth of a bar) per metre of height; this value may be immediately calculated from the specific weight of water and the gravity constant, and i/« G was thus the first of all the components of water potential to become known exactly. This fact led to a very early awareness of the problem of how water is lifted into the crown of high trees, and even today the gravitational potential is sometimes considered to be the main obstacle to be overcome in water transport. Numerically, </i G is only of minor importance in most cases, and it poses no measurement problems whatsoever.
Finally, the mass flow of water will encounter frictional resistances which further reduce the energy content of the water before it arrives at the evaporating surfaces in a leaf. Frictional potential losses are responsible for the familiar daycourse patterns of total water potential on a clear day in the field. They are quite complex, since friction can arise from water movement both in the soil and in the plant body. An equation (Richter, 1973) can explain this:
Substrate
This means that the water pathway has to be divided into unbranched sections where both fluxes (/" dimensions: Vxt" 1 ) and resistances (r h dimensions: I" 1 xt" 1 ) differ. Examples of such more or less uniform sections in the plant body are small rootlets, with a high resistance r { due to the small diameter and the restricted number of conducting elements, but only a small fraction of the water taken up per unit time, i.e. a small flux /" or the main trunk of a tree, where resistance is small but the flux a maximum. Each one of these sections reduces the potential of the water it transfers to the next section. The potential drop in a given section of the pathway is thus a function of both the amount of water transported and the efficiency of the conduit, that is, the number, structure and functional state of xylem elements. The complex structure of the water transport system of larger plants, i.e. their hydraulic architecture, can be analysed only destructively (Lo Gullo and Salleo, 1991; Tyree and Ewers, 1991) . It is here that two of the most promising Water relations of plants in the field 3 recent additions to the repertoire of field measurement techniques find their place, namely, the measurement of water fluxes by thermoelectric techniques and the ultrasound detection of cavitation events in conducting elements. They permit the monitoring of fluxes at different points in the plant body and of the vulnerability of the conducting system. Both are the topic of separate papers in this volume, and both are at present being extensively studied, since the qualitative information they provide is easier to interpret than the quantitative one. Among the older techniques for learning about the fluxes (Slavik, 1974) , the weighing of potted plants is simple and informative.
It is sometimes interesting to manipulate the components of the frictional potential drop. This can be done first by decreasing or increasing the water flux. In the field, leaves or twigs can be removed, plant parts sprayed with water, covered with clingfilm, aluminium bags or vaseline, or transpiration can be increased using a blower. Resistances can also be increased. This is done by pruning roots or by making incisions into the xylem, preferably overlapping double-sawcuts which force the ascending water to pass through the closely spaced sidewalls of vessels and tracheids. Another possibility is the use of the pressure collar (Salleo et al., 1992) , an instrument forcing air into conducting elements. With it, the effects of embolization on downstream water potentials and stomatal reactions as well as the repair of embolized xylem can be studied.
The second equation describes the response mechanisms adjusting total water potential to the value preset by potential losses in the continuum. Here there are only two separate mechanisms working hand in hand: i/r o , osmotic potential, is always negative: osmotically active particles always reduce the water potential of solutions below that of distilled water. tp p , pressure potential, may have a positive or a negative sign depending on the compartment under consideration. Pressure can work both ways: an overpressure will increase the water potential, tension will reduce it.
It depends on the specific compartment in the plant body which numerical values will be found for the two components on the right side of equation 2. While a single total water potential may be given for a whole leaf or even a small shoot, it is impossible to do the same with osmotic potential and pressure potential. Here, there are many different, closely spaced compartments to deal with. Xylem conduits, cell walls and protoplasts at the same </r t are different in their combinations of osmotic potentials and pressures. The solution transported in the xylem is, according to all measurements, very poor in solutes. If this is true, it becomes obvious that total water potential can be adjusted to the continuum demands only by lowering the pressure far below ambient. The vacuole, on the other hand, contains a very concentrated solution of organic and inorganic substances of low molecular weight, with, as a consequence, a very negative osmotic potential. All but the most negative water potentials preset by the environment will, therefore, require a compensating overpressure acting on the contents of the living cell.
A number of methods is available for measuring the parameters on the right side of equation 2. In the case of the xylem, it is often implicitly assumed that the osmotic potential is so close to zero that a measurement with the pressure chamber will directly give the correct value for the tension of the water column in the conduits. This is an oversimplification, and measurements of the osmotic potential in the xylem sap may often be inevitable, but then there is the problem of how to extract pure xylem sap without diluting it or contaminating it with more concentrated solutions. The inventors of the pressure chamber (Scholander et ai, 1965) used their apparatus to squeeze water out of the cut surface. In this still popular approach, dilution of the xylem sap becomes a possibility. It depends, however, on the geometry of the sample and the volume of water removed whether water filtered through plasma membranes of living cells will reach the cut surface. It is advisable to have a long, unpressurized piece of stem standing out of the chamber and to sample only a small volume. The method of Bollard (1960) , where water is extracted by gentle suction from a cut stem while new xylem elements are successively being opened on the opposite side of the stem piece, may contaminate the sap with the contents of living cells. Centrifugation seldom yields much sap. Thus, the problem of how to obtain enough unaltered xylem sap for measurements has not yet been solved completely satisfactorily.
Determination of the osmotic potential of vacuolar solutions in plant organs is seldom critically discussed; the methods available are more or less taken for granted, although they present a number of pitfalls. This cavalier attitude probably has historical reasons: cryoscopy of press saps from killed leaves was the first quantitative method available in water relations research, and the cryoscope long had a monopoly for the determination of osmotic potentials in whole organs. Important ecological insights resulted from this early work, and cryoscopy soon became a sort of undisputed classic.
Development of the thermocouple psychrometer and the pressure-volume curve technique opened up a range of experimental alternatives. For pressure-volume measurements, samples need not be killed; the osmotic potential is obtained from a graphical or computer-assisted evaluation of the relationship between relative water content (R) and total water potential (ip t ) of living organs. Turner (1988) presents a critical overview describing measurement of PV curves with the pressure chamber.
which is the most widely employed instrument for this purpose. However, it is not the only one. Detached leaves can be inserted in a Wescor L-51 leaf thermocouple hygrometer after reducing the cuticular resistance between the leaf interior and the thermocouple and it is sufficient to scratch with a needle or a razor blade the small portion of the leaf surface in contact with the thermocouple chamber. The whole assembly may then be weighed repeatedly on a sensitive balance, while water potentials are measured in-between. In this way the necessary data for constructing a pressure-volume curve are obtained from a single leaf. Beautiful PV curves have also been determined on cut-out leaf discs in a psychrometer chamber (Aschan and Losch, 1994) .
Apart from the measurement techniques, the interpretation of the various parameters derived from PV curves shows also great variability. From personal experience, it is suggested distinguishing between 'hard' PV parameters (the osmotic potentials at full saturation and at the turgor loss point) and 'soft' ones (the elastic modulus and the symplastic water fraction). Hard parameters will not change much between parallel samples measured with the same technique. Soft parameters are extremely variable even in homogeneous material. They should be interpreted with extreme caution, if used at all.
The drawback of all PV techniques is of course that they are comparatively slow and work-intensive and, therefore, not suitable for running large numbers of parallel samples. Attempts have been made to speed up the data collection by determining only one point per sample in the range after turgor loss and extrapolating it towards an average value for the x-intercept previously derived from a few full curves (Kikuta and Richter, 1992a) . This variant may sometimes have advantages, since the PV technique is indeed well suited for the determination of osmotic potentials.
Thermocouple psychrometers and their electronically advanced derivatives, thermocouple hygrometers and vapour pressure osmometers, are also used on freezethawed or heat-killed plant material, and they are more flexible than the cryoscope: determination of </ > o becomes possible either directly or after the preparation of press saps. A direct method using plant tissues without further processing (Ehlig, 1962) has become quite popular because of its speed and convenience. With this approach, </i t of living plant material is first determined in the psychrometer sample chamber. Then the whole assembly is submerged in liquid nitrogen, rewarmed and measured again for the determination of osmotic potential in the freeze-killed sample.
It has become evident that discrepancies exist between these different methods, but they have seldom been systematically investigated. Such discrepancies have been known for some time from comparisons between PV techniques on living leaves and methods using killed leaf material (Tyree, 1976) . The osmotic potentials derived from PV curves are more negative than those found on press saps or killed leaf discs, and the usual interpretation of this phenomenon is that the symplastic solution becomes diluted with apoplastic water from cell walls and xylem conduits when the membranes of leaf cells lose their selective permeability. However, there are also differences when parallel measurements on press saps and frozen-thawed leaf discs are compared (Kikuta and Richter, 19926) . These differences may be quite high (between 9% and 22% of the more negative value). In all cases studied in detail the sap had a less negative potential than the disc. This result is caused by several factors: one is that a standard press sap is prepared from whole leaves and, therefore, contains water from major veins, which are routinely excluded from a leaf disc. Even more important seems to be that the symplastic solution contains osmotically active substances of relatively high molecular weight, such as oligosaccharides or peptides, which are held back when the solution is squeezed through the fibrillar meshwork of closely packed cell walls and are finally discarded with the press cake. Adsorption and ion exchange processes may contribute to this effect. This explanation is consistent with the fact that sap prepared from a loose powder of cells broken under liquid nitrogen with a pestle was more negative than the standard press sap. The filter effect is obviously reduced when sap can use a pathway outside the cells in the disintegrated tissue. So, the venerable press sap method should better be replaced by measurements on frozen-thawed leaf discs. A prerequisite for rapid vapour pressure equilibrium is the disruption of the cuticle, which can be done quite roughly by piercing the disc repeatedly with a needle, immediately before the measurement.
When the values are known for total water potential and for osmotic potential, the pressure term on the right side of equation 2 can be calculated from them. Admittedly, this is only an indirect method for obtaining numerical values of turgor and xylem tension, but in most cases the only viable one for field-grown plants. All the attempts to measure pressures directly are based on variants of the pressure probe technique (HQsken et al., 1978) , where a capillary filled with oil or water and connected to a pressure transducer is inserted into a vacuole or a xylem element. Pressure probes are instruments difficult to employ in the field, and, since the state of pressure in a plant is rather unstable, they can not be used on detached plant parts in the laboratory for the estimation of field values before the harvest.
The pressure probe and the cohesion theory
All of the techniques mentioned in this enumeration provide data which are in essence free from contradictions and in full agreement with the cohesion theory of water Wafer relations of plants in the field 5 transport in the SPAC. The only exception are the results from direct measurements of pressures in the conducting xylem elements with the xylem pressure probe (Balling and Zimmermann, 1990) .
It is a well established fact that the pressure probe produces reliable data when inserted into the vacuoles of living cells (Steudle and Wieneke, 1985; Boyer, 1995) . The glass capillary, introduced through the wall and the protoplasm, is immediately sealed tight by biomembranes, which preclude the escape of solution and the loss of turgor. In this application, the probe has made valuable contributions to our knowledge of cell turgor and cell permeablity. However, a controversy has developed on how to interpret the measurements with the xylem pressure probe, where the capillary is pushed into a conducting (and therefore dead) tracheary element filled with water under tension. The advocates of this instrument found that it never registered the tensions that equation 2 requires for cases where the osmotic potential is small; negative pressures below -0.5 MPa were seldom achieved. These authors (Zimmermann et al., 1993a (Zimmermann et al., , b, 1994 Benkert et al., 1995) feel therefore compelled to question a number of seemingly well-established experimental results, among them all the numerical values for <p x obtained with pressure chambers and thermocouple instruments as well as the low concentrations of osmotically active substances routinely found in xylem sap. They postulate, in essence, stacks of giant osmotic cells in the xylem providing a means for gradually lowering the water potential according to the decreasing values of </> G ; the need for compensation of 0 F is not discussed.
The alternative mechanisms suggested by Zimmermann et al. can not be reconciled with the known structure of the xylem, which contains none of the 'solute-reflecting transverse barriers' hypothesized for the confinement of osmotically active substances and is, in most plants, free from the macromolecular gels suggested as an alternative. This part of their work shall not be dealt with here. Emphasis, however, is placed on the fact that it would be extremely difficult to suck water through narrow capillaries into the crown of a high tree and at the same time to avoid states of tension in the water. This makes a mechanism based on osmotic or gel gradients very unlikely, even without any structural restrictions. It seems that Zimmermann and his coworkers do not take the dynamics of transport in the xylem sufficiently into account.
Quite simple arguments for the cohesion theory are provided by the following facts.
(a) Notwithstanding assertions to the contrary, there is excellent agreement for the numerical values of total water potential in parallel measurements with two independent instruments, thermocouple psychrometers and the pressure chamber (Savage et al., 1983; Kikuta et al., 1985) . These values, as well as those for soil water potential, can become very negative. The xylem solution can fully sustain tensions of the same magnitude, as has been shown in recent centrifugation experiments (Holbrook et al., 1995; Pockman et al., 1995) .
(b) Osmotic potentials of the xylem solution in mesophytes have never been found to be negative enough for the compensation of total water potentials reached during a daycourse. This makes the assumption of negative pressures in the xylem inevitable.
(c) The flow rates of water passing through the serieslinked hydraulic resistances in the plant body are extremely variable (Cermak and Kucera, 1993) , and </i t will fluctuate rapidly whenever environmental conditions (temperature, radiation or vapour pressure deficit) vary (Stansell et al., 1973) . Changes in the osmotic term of equation 2 involve metabolic processes and would need hours and days rather than the minutes required for changes in water flow and frictional potential losses. Therefore, transient periods of considerable positive pressures should be observed as often as negative pressures in the xylem sap. Substantial positive pressures have, however, never been reported, not even from pressure probe measurements.
(d) Increase and reduction of solute concentrations need metabolic energy, while the energy for pressure changes is taken out of the energy content of water itself and is, thus, ultimately of solar origin. All living cells of land plants employ changes in turgor pressure for the rapid shifts in potential required by fluctuating conditions in the environment, obviously because this is energetically cheaper and far more rapid than continuous osmotic adjustment.
(e) The existence of osmotic gradients advocated by Zimmermann et al. would require that the few living xylem cells perform metabolic adjustment processes not only on their own protoplasmic solutions, but also on the bulk of water contained in dead xylem elements. This would increase their metabolic expenditures far beyond those required for osmotic adjustment in mesophyll cells: the volume of living cells in conifer xylem is less than 10% of the total volume. It is not probable that a mechanism avoided in the mesophyll could work under the far more restrictive conditions in the xylem, which lacks even such basic structural requirements for metabolic energy production as an efficient oxygen supply through intercellular spaces.
Conclusion
The consistent results of a number of experimental approaches confirming the cohesion theory disagree with data from a single instrument which are difficult to accommodate to any theory. Unless these novel data are supported by independent measurements and based on sound theoretical foundations, the cohesion theory will remain the more convincing alternative.
